Of 34 strains of marine bacteria isolated on a general seawater medium, 5 were selected for detailed studies of their population dynamics in the plankton. The isolates were characterized as Aeromonas sp., Chromobacterium cf. lividum, Vibrio sp., and two Pseudomonas spp. Specific antibodies were produced by immunization of rabbits, and bacterial cells were stained on black Uni-Pore membrane filters by an indirect immunofluorescent staining procedure. The method proved to be very specific and practical for use in a large-scale field sampling program. Growth of all five isolates was stimulated by high values for net primary production, chlorophyll a, and dissolved organic carbon. Calculation of a diversity index based on specific and total counts is proposed as a way of characterizing the dynamics of organotrophic bacterial populations in the sea.
Of 34 strains of marine bacteria isolated on a general seawater medium, 5 were selected for detailed studies of their population dynamics in the plankton. The isolates were characterized as Aeromonas sp., Chromobacterium cf. lividum, Vibrio sp., and two Pseudomonas spp. Specific antibodies were produced by immunization of rabbits, and bacterial cells were stained on black Uni-Pore membrane filters by an indirect immunofluorescent staining procedure. The method proved to be very specific and practical for use in a large-scale field sampling program. Growth of all five isolates was stimulated by high values for net primary production, chlorophyll a, and dissolved organic carbon. Calculation of a diversity index based on specific and total counts is proposed as a way of characterizing the dynamics of organotrophic bacterial populations in the sea.
The relationship between bacteria and planktonic algae in the sea is certainly complex and may be very species dependent and vary with environmental conditions (4, 5, 42) . Most studies have emphasized the bacterial population as a whole (18, 24, 45, 49, 51) . In an attempt to study the population dynamics of organotrophic bacteria in phytoplankton blooms, we have used indirect immunofluorescent staining of bacteria on black polycarbonate filters (26) to trace the succession of selected strains, in combination with acridine orange staining (26) and the conventional spread plate method. Several workers have used fluorescent antibodies for identification of bacteria in natural habitats (7, 35) , and some (9, 10, 16, 32, 36) have attempted to quantify bacteria by concentration, staining, and enumeration.
To our knowledge the only quantitative studies that have been conducted with naturally occurring marine bacteria are the ones by Reed and Dugan (32) on methylotrophs and by Ward and Perry (46) on Nitrosococcus oceanus. Organotrophic bacteria in the plankton represents an ecologically important group in the carbon cycle, which is still ill defined and difficult to study in its natural habitat (43) . This paper describes a practical procedure for identification and quantification by immunofluorescent staining and results from a study of population dynamics of bacterioplankton in Norwegian coastal waters. Calculation of diversity indices from specific immunofluorescent counts and acridine orange total counts (AOTC) is proposed as a method of characterizing the bacterial population.
MATERIALS AND METHODS
Sampling, isolation, and characterization of bacteria. Water samples for isolation of bacteria were aseptically collected at a 5-m depth outside Kviturvikspollen (60°16' N, 5°15' E) near Bergen (17) and in Rosfiord (58003' N, 6°58' E) at Lindesnes, the site of POSER controlled ecosystems experiments (12) . A seawater medium designed by Slaattebraek (thesis, University of Bergen, Bergen, Norway, 1975) (peptone, tryptone, and yeast extract, 0.5 g liter-' each [Difco Laboratories], in 200 ml of tap water and 800 ml of aged seawater, with 1.5% agar) was used routinely for plating from samples and enrichments and later also for monitoring the colony-forming units (CFU) in the field program. This M-65 medium resembles ZoBell's 2216 e (30) .
Bacteria were also enriched and isolated from net hauls of phytoplankton outside Kviturvikspollen which were incubated in the light at 6°C in 1:20, 1:8, and 1:4 dilutions of seawater. Agar media with one carbon source at 2, 0.2, and 0.02 g liter-1, and with 1.5% agar in aged seawater, were used for testing the metabolic capabilities of the isolates and for isolation of metabolic specialists. Carbon sources used were peptone, D-glucose, sodium acetate, mannitol, celluose (Avicel), lactose, Casamino Acids, chitin, carboxymethyl cellulose, glycerol, and glycolic acid. Dominant colony forms on general and selective media were isolated in pure culture on M-65 and tested for Gram reaction and catalase and oxidase activities (44) . Their motility, pigmentation, and colony form were also noted.
Five isolates from seawater samples were selected for immunofluorescent assay in the field program.
These were further characterized by negative-staining transmission electron microscopy after 3 days of growth on M-65 plates, and cell size, morphology, flagellation, and encapsulation were noted. They were identified to genus by physiological tests (3, 14) . Growth (15, 35) .
Immunofluorescent staining on membrane filters. The sample volume (usually 20 ml) was adjusted to 25 ml with PBS and filtered on 0.2-or 0.4-,um-pore-size Uni-Pore filters (Bio-Rad). These were prestained with Irgalan black and were supported by Oxoid Nuflow filters (0.45 ,um) to ensure even distribution of cells. A filter manifold (Bio-Rad 10-place filter holder) was used at 20 kPa pressure difference. The filters were washed with 3x5 ml of PBS, the vacuum was then released, and 1 ml of gelatin (2% in PBS, base hydrolyzed at pH 11 and 1200C for 15 min, neutralized) was added to neutralize ionic sites and reduce background fluorescence (8) . After 20 min, excess gelatin was removed by washing with 3x5 ml of PBS, and 0.75 ml of rabbit antiserum (1:20 to 1:40 dilutions in PBS) was added for 20 min. After repeated PBS washing, 0.75 ml of fluorescein isothiocyanate-conjugated swine antirabbit immunoglobulin G (DAKO Immunoglobulins Ltd.) diluted 1:20 to 1:40 in PBS was added for 20 min. After being washed with 3 x5 ml of PBS, the filters were dried by gentle suction and mounted with a cover slip and 1 drop of elvanol (29) above and beneath the filter. Twenty samples could easily be treated simultaneously with the two filter manifolds at our disposal. Slides were stored in the dark until counting by epifluorescence microscopy within 1 to 2 days. The cell counts obtained are hereafter designated immunofluorescent specific total counts (ISTC). A Nikon Labophot epifluorescence microscope with 100x glycerine objective proved very satisfactory in the field, whereas in the laboratory a Leitz Wetzlar Orthoplan with Ploemopak filter system I and a 67x oil immersion objective was used. Samples preserved in 2% neutralized formaldehyde gave identical counts after 2 months of storage in the dark.
Field sampling and experiments. Field experiments with controlled ecosystems in flexible plastic enclosures (13) of 1-m diameter and 13-or 20-m depth were conducted in Rosfjord on 6 March to 4 April 1979 (12) . Samples were collected in 250-ml heat-sterilized glass bottles with neoprene or silicone stoppers and filled at the sampling depth by cutting or snapping off a silicone tubing connecting inflow and outflow glass tubes of different lengths. Sampling depths were 3 and 10 m, and each station was sampled at least once a day at a fixed time. Samples were taken from the sea outside the enclosures and from two enclosures. One was a 13-m-deep unamended bag with a natural plankton community, filled on 6 March by vertical hauling from 15 m to the surface (natural bag). This bag was also used as a control in parallel oil exposure experiments (E. Dahl, M. Laake, K. Tjessem, K. Eberlein, and J. B0le, Mar. Ecol. Progr. Ser., in press). The other bag sampled was 20 m deep and filled with prefiltered seawater from 3-m depth on 16 March (culture bag). By the pressure filtration procedure used, approximately 80% of the bacteria (AOTC) and more than 99% of flagellates, diatoms, ciliates, and other groups were removed. This bag was amended with nitrate, silicate, and phosphate to prebloom levels and reinoculated with Skeletonema costatum isolated from the fjord (K. Eberlein, U. H. Brockmann, K. D. Hammer, G. Kattner, and M. Laake, Mar. Ecol. Progr. Ser., in press). On 21 March the five strains of bacteria tested for were also reinoculated. They were grown on M-65 agar media, scraped off, resuspended in sterile seawater, and, through silicone tubing, distributed uniformly in the upper 10 m to reach a final theoretical density of approximately 104 cells ml-n. The water temperature was 1 to 5oC.
Triplicate 0.1-ml CFU spread plates were prepared on M-65 and incubated at 10°C for 10 and 21 days. Due to generally high numbers of slow-growing, small colonies, the 21-day counts are reported. Samples of 10 ml were preserved with neutralized formaldehyde (2%) until counted for AOTC within 2 days, whereas 100-ml samples for ISTC were treated similarly and analyzed within 2 months. Net primary productivity was measured by in situ incubation with [14C]HC03- (12) . Only data from the sea samples will be reported in detail here.
RESULTS
Laboratory studies. Plating on selective and general media, from water samples directly and from enrichments, yielded 34 isolates of organotrophic bacteria, of which potentially all could grow on some of the substances commonly in multiwell plates and optimal dilutions for epifluorescence counting did not show good correspondence, however, and the final dilutions had to be established directly by staining and filtration. These ranged from 1:20 for the four sera with lowest titers to 1:40 for the highest. It is interesting to note that even the serum with a very low titer showed good staining properties.
Cross-reactions were tested with 15 marine isolates by immunofluorescent staining on membrane filters, and no cross-reactions were observed. Bright, yellow fluorescent images with very good contrast to the greenish-black background were obtained with all strains, as illustrated for Vibrio sp. (isolate 20) in Fig. 1 . Even the flagellum may be seen. Reproducibility of the ISTC method was checked by diluting isolate 9 in 500 ml of sterile filtered seawater to a final concentration of approximately 2.5 x 105 cells ml-l, shaking for 20 min on a rotary shaker, and filtering 20 ml for AOTC and ISTC, respectively. Recovery was 100% in both cases, and the coefficient of variation was 16% for ISTC. In the field program, 0.4-,um Uni-Pore filters had to be used, and these resulted in a 2.6% reduction in AOTC relative to 0.2-,um filters when natural samples were counted. This difference was considered insignificant and has not been corrected for.
Field studies. The water in Rosfjord was unexpectedly unstable. There was a major inflow of low-salinity surface water, probably from the Baltic sea, on 12 March, as evidenced by the salinity isopleths (12) . This situation was then partly reversed on This development is also reflected in the net primary productivity (see Fig. 4 ). Concentra 2). CFU increased from 103 to 104 CFU ml-1 and then again were reduced at the 10-m depth to 103 CFU ml-1 on 22 to 23 March, coinciding with the intrusion of high-salinity water (Fig. 2) . Although more variable, the immunofluorescent counted strains increased by approximately one order of magnitude on 12 March and dipped down to lower levels on 22 March (Fig. 3) . Generally, there is very good agreement between populations at 3-and 10-m depths. evident that enclosing a water body in plastic bags of 1-m diameter increased the number of bacteria, as measured by all methods, compared with the water outside. However, the population diversity in the natural bag was not very different from that outside. Reinoculation in the Skeletonema culture bag established a higher relative population of the five isolates. The results of these experiments will be given in detail elsewhere (Eberlein et al., in press; M. Laake, A. B. Dahle, K. Eberlein, and K. Rein, Mar. Ecol. Progr. Ser., in press).
DISCUSSION
Lack of correspondence between agglutinate formation and staining properties has also been observed by others (28, 32) . Schmidt and Bankole (37), however, found good correspondence between titers and staining properties. The large variation in titers commonly found by others (6, 22) (32) , and N. oceanus (46) .
One problem with ISTC quantification of single bacterial strains in natural samples is the limitation of filterable sample volumes. We found 20 ml to be optimal on 25-mm filters with our samples, avoiding filter clogging and shading effects, but still having reasonable sensitivity.
When doing one filtration of 20 ml per sample and counting a minimum of 10 fields of view and 150 cells, the coefficient of variation increased from a normal 16% at 104 or more cells ml-1 to 55% at 103 cells ml-1. The latter density was consequently chosen as the limit for quantification in field samples. In contrast to other procedures (46), staining was done without ever removing the filter from the filter holder until finished. The procedure then proved simple enough for use in a large-scale field sampling program, when the antisera of relevance first had been made available.
The five isolates tested for may be considered "epibacteria" (43) associated with living or dead particles. They may thus be expected to relate closely to the annual production cycle and increase in times of high primary productivity, e.g., during diatom blooms. However, no stimulating or inhibitory relationships between the development of specific bacteria and the dominant diatoms (11) , of the type previously reported from culture experiments (5, 42) , are readily observable in our data. But all five strains increased their relative population sizes rapidly at the start of sampling on 7 March, probably as a response to the fairly high rates of primary production observed on 6 and 8 March (Fig. 4) . These and other data indicate that a typical spring bloom was about to develop in this water mass (11, 12) , and it seems reasonable to conclude that the growth of our isolates was indeed stimulated by the increased photosynthetic activity of the diatoms.
The sum of ISTC exceeded the CFU by nearly one order of magnitude in the culture bag, showing that 75 to 90% of the reinoculated bacteria present were not able to form colonies on M-65 medium. However, the steady-state ISTC presented are one order of magnitude higher than the counts 1 day after inoculation; the populations grew exponentially through three doublings to reach the steady-state level and consequently were physiologically active in situ. Information of this kind, as well as on strain-specific responses to changes in environmental conditions, associations with other biological events, and growth rates in a complex microbial community, is difficult to obtain with other methods (18, 24, 26, 27, 34, 47, 50) .
ISTC in combination with AOTC may also be used to calculate a diversity index defined as the number of serologically different strains present in the population (Table 1, Fig. 4 ). Diversity indices are extensively used, e.g., among phytoplankton biologists (31) , usually expressed by the Shannon index (39) . Due to the difficulties encountered in identification and enumeration of all species present within a definable group, diversity has been used mostly as a qualitative term for natural populations of bacteria. If random selection of strains within an ecologically meaningful group could be made and tested for by immunofluorescence, the Shannon index could be calculated and possibly extrapolated to the total population of that group. Diversity will then depend not only on the sum of ISTC, but also on the relative numeric representation of strains. This approach, however, is limited by the difficulties of unselective isolation and cultivation for antiserum production.
The simple approach to diversity we use is still believed to reflect the dynamic situation of organotrophic bacteria in the sea when sampling is frequent, although the maximum number of immunospecific strains calculated as being present in the AOTC population (nAOTC = 906) probably underestimates the real value due to the method used when selecting test strains. The real values are not necessarily meaningful. No attempt has been made to evaluate statistically how many antisera should be tested to give diversity estimates of any significance, but probably the value is reasonably low.
It is difficult to relate serogroups of bacteria to species, but this is of little concern to the use of ISTC in diversity indices. Most species probably include more than one serogroup, which may be as meaningful a unit in population ecology as species are for bacteria. It is important to stress that diversity is less interesting as a statistical concept than as an expression of a dynamic situation, resulting from processes such as colonization and extinction and from the interplay of the different rates that characterize the demography of coexisting populations (31) .
